Abstract -The concentration of macroelements in plant biomass is determined by nutrient uptake from the soil and depends on the spatially variable environmental conditions and nutrition status in the soil. The aim of this study was to examine the macroelement concentrations in pedunculate oak (Quercus robur L.) leaves and to compare them with soil heterogeneity. ANOVA, MANOVA and discriminant canonical analysis (CDA) were used to estimate population variability in the macroelement concentrations in pedunculate oak leaves and surrounding soil. The results of ANOVA revealed a statistically significant difference between populations -in ash content, N, Ca, Mg, P, and all nitrogen scaled variables (all P <0.05) in Q. robur leaves. MANOVA revealed a statistically significantly difference between populations -in soil pH, P2O5 and K2O concentrations (all P <0.05). The P in Q. robur leaves had the highest total canonical standardized coefficients on the first canonical variable (CDA1) and was responsible for discrimination between populations. Foliar analysis of pedunculate oak leaves and soil analysis showed statistically significant spatial variability in macroelement concentrations between populations in Serbia, which were determined by the bioavailability of essential minerals in the soil.
INTRODUCTION
The macroelement concentration in plant biomass is determined by nutrient uptake, plant growth and nutrient translocation from soil to plant organs (Hagen-Thorn et al., 2004) . The species, plant genomes, soil fertility, nutrient elements and their role in various physiological processes, root architecture and other environmental conditions (Marschner, 1995; Ayres et al., 2009 ) are influenced by foliar nutrient concentrations (Augusto et al., 2000) . Plant growth and development both depend on nutrient uptake from the soil as a growth media. The bioavailability of essential minerals depends on different factors (solubility of minerals, soil structure and pH) (Ghandilyan et al., 2009 ) that control the complex mechanism of the mineral pathway from roots to shoots (Tremolieres et al., 1999; Clemens, 2001; Covelo et al., 2008; Ghandilyan et al., 2009) . As the results of Ghandilyan et al. (2009) revealed, variation in mineral concentrations exists between different organs and populations, and depends on growth media properties. Biomass and nutrient concentrations in different tree compartments are commonly used for the evaluation of plant nutrient status, soil nutrient availability and as indicators of forest health, which is of fundamental importance for understanding nutrient circulation in forest ecosystems (Hagen-Thorn et al., 2004) .
Leaves as the primary photosynthetic organs have an important role in the survival and growth of a plant (Xu et al., 2008) . The morphological, structural and physiological changes of leaves indicate that leaves are very sensitive to environmental conditions, the significance of which has been emphasized by some studies (Charles and Garten, 1976; Gallardo and Covelo, 2005; Nikolić et al., 2006) . The heterogeneity of environmental conditions surrounding plants in natural habitats (Gallardo and Covelo, 2005) induce phenotypic variation between genotypes within populations and between them (Primack and Kuang, 1989) . On the one hand, the elements available in soils can be absorbed through the root and translocated to the leaves through the xylem, and on the other, some elements from the air surrounding leaf surfaces are directly absorbed in leaves by the stomata (De Nicola et al., 2003) .
The spatially variable environmental conditions and nutrition status in soil can be studied through the analyses of element concentrations in leaves and soils (Primack and Kuang, 1989) . Variations in mineral concentrations of plant (in foliage, for example) depend on the soil characteristics, as a growth media (Gallardo and Covelo, 2005) . Predicting foreststand productivity from soil properties seems difficult (Jandl and Herzberger 2001) . The interactions between macroelements in the soil and plants, as well as the circulation of individual elements from soil to plant parts, creates a reciprocal control of their element compositions and determines plant growth (Ladanai et al., 2010) .
The ecosystems' components, organisms and their environment, are closely related, and the chemical stability in plants and other living organisms are directly dependent on the chemical composition of the external environment (Ågren and Bosatta, 1996) . The maximum growth rate of a plant depends on the disposable element concentrations in the soil that are related to the control of macroelement absorption. If variability of element concentrations between different populations and within species is low, this indicates that the element is under biological control. If the variability in element concentrations differs between populations, it may point to locality-specific properties rather than ecosystem characteristics, and perhaps adaptation to local properties (Knecht and Goransson, 2004; Csikász-Krizsics and Diófasi, 2008; Ladanai et al., 2010) .
Thus, following this hypothesis, the aim of the present study was to determine the macroelement concentrations in pedunculate oak leaves and surrounding soils in five populations in northern Serbia, and to define differences in the macroelement contents and correlations within and between soil and plant as parts of the ecosystems. The objectives of this study were: (i) to investigate foliar nutrient concentrations within and between populations; (ii) to detect differences in the available macroelements in surrounding soil, and (iii) to estimate the differences between populations in foliage macroelement content, and if differences exist, to detect which of the analyzed macroelements play the major role in causing them.
MATERIALS AND METHODS

Site description
The population Ada Ciganlija (AC) is situated on the river Sava island near Belgrade on the boundary of the Pannonian and the Moesian Provinces. The dominant forests are Ass. Fraxino angustifoliae-Quercetum roboris Jov. et Tom., and Ass. Populeto-salicetum Raj. The soil type is fluvisol calcaric. The pedogenetic processes in the surface part of the solum have acquired the terrestrial character.
The forest population Bojčinska Šuma (BS) belongs to the Municipality Zemun, in the vicinity of Belgrade; the soil type in the studied populations is dystric planosol. This is a belt of alluvial-hygrophilous forests carpino betuli-Quercetum roboris Rauš. 
Study species
Pedunculate oak (Quercus robur L.) is a common European tree species, adapted to both continentalforest and forest-steppe climates, and to submediterranean and Mediterranean climates throughout Europe. Regarding the adaptability to soil conditions, pedunculate oak does not thrive on shallow dry soil and requires deep and fertile soils affected by groundwater and occasional flooded. This study was conducted in Serbia, on three populations in Vojvodina (Sombor, Subotica, Vršac) and two in the Belgrade area (Bojčinska šuma and Ada Ciganlija).
Foliar and soil analysis
In Serbia, a more in-depth study of pedunculate oak from this aspect has not been performed to date. This study includes the analysis of six macroelements (N, P, K, Ca, Mg and Na) in the leaves. The leaves were sampled from 150 pedunculate oak trees of five populations in Serbia (Ada Ciganlija, Bojčinska Šuma forest, Sombor, Subotica and Vršac). The studied trees, aged 80 years, were selected from populations of both natural and artificial origin. The leaves were sampled from all four sides of the tree crown, at a height of 3-5 m, in the second half of August and the first half of September. The leaves were air-dried, ground and the powder was used for foliar analysis (Davis et al., 1995; Sabate et al., 1995; Bonneau, 1996; Oliveira et al., 1996) . The content of nutrients in pedunculate oak foliage was examined by leaf ash analysis, at 40°C during 24 h. Nitrogen content was determined by the distillation of ammonium from the samples prepared by Kjeldahl method. Ash analysis included the determination of phosphorus content by colorimetric method, potassium and sodium contents by flame photometry, and calcium and magnesium contents by titrimetric method with complexon III as the titration agent.
The soil profiles at fixed depths were taken for laboratory analyses. Soil sample analyses included particle size distribution by sedimentation, texture class by the soil texture triangle, active acidity of soil solution electrometrically, the organic C content by the Tyurin method, total N content by the Kjeldahl method, and available forms of P2O5 and K 2 O by the AL method.
Statistical analyses
Concentrations of macroelements were presented as a percentage of total leaf dry mass. For all statistical analyses the SAS version 9.1.3 (SAS Institute, 2003) was used. Assumptions of normality were checked with the Shapiro-Wilk test, using PROC UNIVARI-ATE NORMAL. Normality for these traits was obtained after arcsine transformation of raw data. For the soil macroelement content, we used a logarithmic and square root transformation in order to fit the ANOVA assumption of normality (Sokal and Rohlf, 1995) .
For all parameters of descriptive statistics, we used the PROC MEANS statement. The differences in means of macroelement concentrations among the populations were performed using Scheffe's multiplecomparison test as the option in the PROC MEANS statement in the SAS GLM procedure. To estimate the variation in leaf and soil macroelement content between and within populations, we used the coefficient of variance (CV% = standard deviation /mean) (Sokal and Rohlf, 1995) .
The analyzed and compared variations for analyzed macroelement contents, and estimated statistical significance of variation between populations, were conducted with analysis of variance ANOVA,. The populations were treated as fixed factors, while the tree was treated as a random factor. The results of this analysis described the statistical significance of phenotypic variation of the following sources: populations -phenotypic variation caused by environmental differences between populations, and tree (nested in the populations) -genetic differences of trees within populations.
The following ANOVA model was used to analyze the contribution of two sources of variation: the populations and trees (nested in populations) and the macroelement content. The value of each trait included:
where y ijk is the mean value of the trait y in the leaf k of the tree j from populations i; μ is the mean main effect (known as main effect) and deviations occurred as a result of the following effects: the effect of S i (populations i), and T ij the nested effects of tree j within populations i of all measured traits; ε ijk represents the error term specified by the effect of leaf k of the tree j from populations i. Multivariate analysis of variance (MANOVA) was used to test for differences in the macroelement content between populations and trees as a source of variation for the P, N, K, Na, Ca and Mg contents.
All variables that displayed a significant population effect in the previous analysis of variance were subjected to discriminate canonical analysis (CDA) in order to assess the most useful characters for discrimination between populations and to determine how well the nutrient component contributed to the separation of individuals into groups.
RESULTS
Our analyses focused on identifying differences between five populations of Q. robur. Based on these results, the concentration of major elements had the same pattern for all five of the analyzed sites. The sequence of macroelement concentrations was N > Ca > K > Mg > P > Na. Variations in concentrations of major elements in the leaves of Q. robur between individuals, quantified with a coefficient of variation (CV%), were average for all sites and ranged from the largest concentration of Na (mean = 37.02%) to the lowest concentration of N (mean = 13.93%). Macronutrient ratio as compared to N (nitrogen scaled variable) also had the same pattern for all analyzed sites (Ca/N < K/N < Mg/N < P/N < Na/N) ( Table  2A) .
Observed leaf nitrogen for the scaled variable had the following pattern for the K/N and P/N ratios: Subotica had a minimum value, while Bojčinska Šuma and Vršac had the highest value compared to the other locations. For the Ca/N ratio, Sombor stood out with the highest, and Vršac with the lowest value, compared to the other locations. According to the results of Scheffe's test, the mean concentration of N, Ca, Mg and P in leaves differed between locations ( Table 2 ). The results of the ANOVA revealed a statistically significant difference between locations in the ash content, N, Ca, Mg, P, and all nitrogen-scaled variables (all P <0.05). Statistically significant variations between individual trees within locations (all P >0.05) was not observed (Table 3 ). The content of macroelements in the leaves of Q. robur was statistically significantly different between sites for N, Ca, Mg and P (all P <0.05), and all nitrogen contents, except for the scaled variable Na/N.
The average individual variability of the C/N ratio had the greatest value (CV% = 74.96) compared to other analyzed macroelement ratios in the soil. The highest value of CV% was determined for the Sombor location and the minimum on the location Bojčinska Šuma (131.23 % vs. 34.27 %, respectively) ( Table 2B ).
Concentrations of macroelements in the soil observed at the sites varied in content of K 2 O and P 2 O 5 , and nitrogen-scaled variables C/N, K 2 O/N and P 2 O 5 /N (Table 2B) . N concentration was greatest at the Ada Ciganlija site (0.38 %), while the lowest value was obtained for the Subotica site (0.13 %). A similar pattern was obtained for the concentration of K (K 2 O), with the highest value obtained for the sites of Bojčinska Šuma and Ada Ciganlija (15.85 % and 14.78 %, respectively) and lowest value for Subotica (3.38 %). The population of Ada Ciganlija had the highest concentration of P (P 2 O 5 , 6.80%) and the lowest scores were those of Sombor and Subotica (1.30 % and 1.36 %; respectively). The concentration of C/N was the largest for the site of Bojčinska Šuma and Ada Ciganlija (2.29 % and 2.15 % respectively), while the lowest value was obtained for the Subotica site (0.50 %). The nitrogen-scaled variables for K 2 O/N ratio in the soil had the highest value in Subotica (98.70 %) and lowest in Vršac (19.21 %).
The maximum values were obtained for Subotica (24.50 %), a minimum was observed on the Sombor site (5.98 %) when we compared the concentrations of nitrogen-scaled variables for the P (P 2 O 5 /N) ratio between sites (Table 2B ).
The results of ANOVA revealed a statistically significant difference between sites in soil pH (F = 193.89, P <0.0001) , and the concentrations of P 2 O 5 and K 2 O in the soil (F = 3.94, P <0.05, F = 5.27, P <0.001, respectively) ( Table 3 ). According to MANO-VA, we also found significant differences between localities (F = 12.95, P <0.0001).
The results of discriminant canonical analysis (CDA), based on standardized coefficients of canoni- cal variables, showed differences between populations according to the first axis for the concentration of P in the leaf (Table 4 ). The first axis represents 83% of the total variability and the second only 10% (Fig. 1) . According to the first axis, Vršac differed in comparison to other populations (with the highest concentration of P in the leaf (0.23%) see Table 3 .
DISCUSSION
Forest tree nutrition depends on locality conditions (Kunzova et al., 2007) . The optimal amount of nutrients and their ratios in plants are the basic elements for successful growth and development, total production potential, and plant resistance to biotic and abiotic agents. A complex mechanism regulates the uptake of nutrients from the soil (Tremolieres et al., 1999; Covelo et al., 2008) . The highest concentrations of nutrients are observed in the assimilation organs, i.e. leaves. As fundamental and very sensitive plant organs, leaves reflect the morphological, structural and physiological changes caused by environmental changes. In foliar analysis of pedunculate oak clones in the seed orchard Banov Brod in Vojvodina (Serbia), by Nikolić et al., (2006) , and for Q. ilex (Canadell and Vila, 1992) , a similar sequence of average values of nutrient macroelement percentages (N>Ca>K>Mg>P>Na) was reported. Based on an estimation of the coefficient variation, the highest variability of N and P in pedunculate oak was found by Gallardo and Covelo (2005) . The results obtained by Nikolić et al. (2006) were similar to ours; the highest individual variability in pedunculate oak foliage was shown by Na, Ca, K and P and the lowest by N, while Canadell and Vila (1992) reported the lowest variation in N and K in their study of the nutrient Table 4 . Standardized canonical coefficients on two axes from a canonical discriminant analysis (CDA) based on macroelements concentrations in pedunculate oak (Quercus robur L.) leaves from five populations in Serbia. Table 3 . Results of ANOVAs for the macroelements concentrations (Na, Ca, K, Mg, P, Na) in pedunculate oak (Quercus robur L.) leaves and surrounding soil conditions in five populations in Serbia.
content in Q. ilex leaves in three types of soil.
The concentration of N in soil is influenced by the function of plants, by biotic and abiotic factors, environmental factors, soil moisture, and temperature changes that affect N transformations (mineralization and nitrification) (Xiaoli et al., 2011; Nunes et al., 2012) . Nitrogen mineralization is affected by several environmental factors (Herrman, 2003) . Ada Ciganlija was distinguished by high values of soil solution pH, light texture and good aeration of the topsoil layers, i.e. favorable oxidative conditions that enable rapid mineralization of nitrogen organic forms. After the phase of ammonification, nitrogen mineralization passed through the phase of nitrification. This was enabled by the high pH value of the soil solution and by the favorable oxidative conditions of the pedochemical environment in surface parts of the solum. The nitrates of all soil bases were extremely mobile and they readily migrated through the solum to the deeper layers where they were absorbed by pedunculate oak roots. Soil microorganisms are dynamically involved in many basic ecological processes, such as the biogeochemical cycling of elements and the mineralization of carbon, nitrogen, phosphorous and sulfur (Narasimha et al., 2011) . On the planosol at Bojčinska Šuma, the soil solution pH is acidic. Nitrogen mineralization is reduced, resulting in ammonification. Some forms of nitrogen, particularly organic nitrogen and ammonium, can also be adsorbed on active sites of the soil, limiting movement through the soil profile (Felton et al., 2008) . As the soil texture is heavy, the adsorption capacity is high, and NH 4 + ions are, for the most part, adsorbed to the adsorption complex (Savić and Jekić, 1975) . This only allows for the nutrition of plants with shallow roots. Low amounts of nitrates formed in the acidic medium at this locality are subject to denitrification because of the anaerobic and anoxidative conditions on planosols, thanks to the prolonged water stagnation in the soil profile. In such cases, organic matter decomposition is performed by anaerobic and facultative anaerobic microorganisms that use chemically bound oxygen from NO 3 and transform it into the molecular form. There is no migration of plantavailable nitrogen outside the impermeable stagnic g-horizon at this locality. This explains the poor nitrogen nutrition of pedunculate oak at this locality.
Statistically highly significant differences among the populations were observed for the concentration of P (P <0.05). Vršac exhibited the highest values (0.23%) and Ada Ciganlija had the lowest values (0.15%). Although the total amount of P in the soil may be high, it is often present in unavailable forms or in forms that are only available outside of the rhizosphere (Schachtman et al., 1998) . The higher content of P at Vršac, on gleysol mollic, was the consequence of higher extractable amounts of P forms in the deeper layers of the solum. In these layers of soil, the pedunculate oak root system absorbs water and nutrients. For other study populations, soil P forms were observed only in surface layers, to the depth of 20 cm, which did not have much effect on pedunculate oak nutrition, because this element is poorly soluble and its migration through the solum is very difficult. Highly significant differences were observed for the contents of Ca and Mg. The highest values of earth alkaline elements in pedunculate oak foliage Ca and Mg were measured in Ada Ciganlija (1.62% vs. 0.91%, respectively), the lowest values of Ca (1.19%) in Subotica, while the Vršac population exhibited the lowest Mg values (0.51%). The River Sava's sediment is rich in carbonates of earth alkaline elements (Miljković, 1972) and this high concentration of earth alkaline elements in the oak leaves in Ada Ciganlija, and the high pH soil solution, were the consequence of the higher content of these elements in the soil. According to the characteristics of the aeolian sands of Subotica-Horgoš sandy heath, which is rich in carbonates of earth alkaline elements (Letić et al., 2001) , the high quantities of earth alkaline elements in pedunculate oak leaves could also be expected, but the results showed the lowest calcium percentage in the leaves. However, this locality was characterized by the most unfavorable conditions for pedunculate oak. The existing pedunculate oak stand had no natural regeneration because the topsoil was extremely dry. Even the attempts made to artificially regenerate the pedunculate oak using different afforestation methods and technologies have had no positive results.
Based on the results of the analysis at five populations, it can be concluded that the macroelement content in the analyzed pedunculate oak leaves was the highest at Ada Ciganlija and the lowest at Subotica, with the exception of phosphorus. The content of this element in the leaves of the oak was highest in the Vršac population, which was a consequence of the large quantities of available forms of this element in soil. The nutrients are absorbed from the deep layers and they reach the soil surface in the form of leaf litter. The favorable textural composition of the soil, good aeration of the surface soil layers, favorable pH of the soil solution, and the conditions of organic matter mineralization and nutrient migration through the soil profile made the Ada Ciganlija site the most favorable for absorption of the nutrients. In Subotica, the delay in organic matter mineralization and release of plant nutrients on aerosol were caused by the fast drying of surface layers.
Our results are very similar to those reported by other authors, and confirm a spatial dependence in the nutrient concentrations in leaf and soil (Gallardo and Covelo, 2005) . Generally, it can be concluded that the macroelement percentage in leaves is determined by the interaction of environmental conditions. The variability in macroelement concentrations in leaves differed between populations as the result of local adaptation to specific-locality soil properties. The changes of groundwater regime (caused by the construction of drainage systems and embankments along the riverbanks, as well as by global climate change), and excessive use of high quality wood in industry, are some of the reasons for the considerable reduction in pedunculate oak forest areas in Serbia during the 20 th century. As a species with deep roots, adult trees of pedunculate oak can reach the groundwater level, which enables them to survive more easily, even in areas with a deeper groundwater level. Permanent and rapid changes of environmental conditions in pedunculate oak forests often prevent their natural regeneration. A complete biological study and knowledge of the pathways of macroelement assimilation from the soil can contribute to the preservation of the populations of this very old and industrially valuable plant species in the future.
